The decay of a new four-quasiparticle isomeric state in 160 Sm has been observed using γ-ray spectroscopy at the RIBF, RIKEN. The four-quasiparticle state is assigned a 2π ⊗ 2ν π This decays to a (5 − ) two-proton quasiparticle state, which in turn decays to the ground state band. Potential energy surface and blocked-BCS calculations were performed in the deformed midshell region around 160 Sm. They reveal a significant influence from β 6 deformation and that 160 Sm is the best candidate for the lightest four-quasiparticle K isomer to exist in this region. The relationship between reduced hindrance and isomer excitation energy for E1 transitions from multiquasiparticle states is considered with the new data from 160 Sm. The E1 data are found to agree with the existing relationship for E2 transitions.
The projection of the angular momentum of a nucleus on its symmetry axis is known as the K quantum number. K isomerism arises from axially symmetric deformation in the nucleus, enabling the nucleus to be 'trapped' in an aligned spin orientation relative to its symmetry axis [1] . K-isomeric states appear systematically in neutronrich nuclei with A ≥ 150 which typically have deformed prolate shapes. The nucleus is isomeric when the transition to a lower energy state with a different K value is inhibited by the ∆K ≤ λ selection rule, where λ is the multipole order of the transition.These transitions are able to proceed through symmetry-breaking processes, where the hindrance factor is strongly correlated with the degree of forbiddenness, ν = ∆K − λ. The partial half-life of the isomeric state relative to the single-particle Weisskopf estimate is known as the reduced hindrance of a transition, expressed as f ν = (
K isomers may arise from the breaking of one or more coupled nucleon pairs to form multiquasiparticle (multiqp) states. The excitation energy and other properties of these states depend strongly on the number of proton and neutron states involved [2] . Prior to this work, 164 Er (Z = 68, N = 96) was the lightest nucleus with a known four-qp K isomeric state [3] . Many two-qp isomeric states have been discovered in nuclei lighter than 164 Er, for example, in 156,158,160,164 Sm (Z = 62) [4] [5] [6] [7] , 152,154,156 Nd (Z = 60) [6, [8] [9] [10] [11] , and 166 Gd (Z = 64) [7] , but none ≥ four-qp. Increasingly more neutron-rich isotopes must be populated to further probe this region. The radioactive isotope beam factory, RIBF, at RIKEN has more recently enabled population of these nuclei using high uranium beam intensities.
Nuclei around 160 Sm were populated by in-flight fission of a 345 A·MeV 238 U beam incident on a 4 mm thick 9 Be target at the RIBF. The beam intensity at the target was 10 particle-nA on average. The secondary radioactive isotope beam containing the nuclei of interest was passed through the BigRIPS and ZeroDegree spectrometers: a two-stage achromatic separation system that separates and identifies the beam species on an ion by ion basis, using time-of-flight, magnetic rigidity and energy loss (TOF-Bρ-∆E) [12, 13] .
Delayed γ rays were detected from the isomeric decay of the tagged ions using EURICA (Euroball-RIKEN Cluster Array) [14] [15] [16] : 84 HPGe crystals arranged in a 4π configuration around a copper passive stopper. The absolute efficiency of the array was 16.6% at 100 keV and 7.6% at 1 MeV. A 100 µs time coincidence window was used to correlate ion implantation to γ-ray detection.
Delayed γ rays from the isomeric decay of 160 Sm are shown in Fig. 1 . All labelled peaks have been identified and placed in the level scheme. A previous experiment by Simpson et al. [6] had identified a (5 − ) two-qp isomer that decays via 878 and 1128 keV transitions to the 6 + and 4
+ states in the ground state band respectively. In addition to these transitions, γ rays from the decay of a four-qp isomer are now observed in the current work. In particular a strongly-coupled rotational band structure is newly identified. These new γ rays have been added to the 160 Sm level scheme, presented in Fig. 2 .
The level scheme was deduced from γ-γ coincidence analysis. The new γ rays with the highest energy (432 and 641 keV) were determined to depopulate the isomeric state directly. The 2 + → 0 + 71 keV γ ray cannot be observed in Fig. 1 due to a strongly competing electron conversion process, but has been observed in coincident spectra. In addition to the γ rays placed in the 160 Sm level scheme, weak γ rays at 123, 149, and 316 keV are also observed in Fig. 1 , but were unable to be placed due to low statistics in the coincident spectra.
The spin and parity assignments in Fig. 2 are determined from the transition multipolarities, which have been obtained from the intensity balances through the levels and the decay patterns. The intensities can be seen in table 1. The intensity is not required to balance when transitioning through the (5 − ) isomeric state. The spin and parity assignments are tentative in the absence of directly measured electron conversion coefficients and γ-ray angular correlations.
The half-life of the four-qp isomeric state was measured to be 1.8(4) µs, from the weighted average of the 432 and 641 keV γ-ray half-lives. The half-lives were measured from the exponential decay curves derived from the time between ion implantation and γ-ray detection (see inset in Fig. 1 ). The half-life of the (5 − ) two-qp state was previously measured at 120(46) ns [6] . The half-life of this isomeric state was not measured in this work as the statistics were not sufficient to resolve the two different half-lives.
Two γ rays of 432 and 641 keV depopulate the four-qp isomer into a band structure built on a two-qp bandhead. A spin of at least 11 for the four-qp state is required by the absence of a transition from the isomeric state to the (9 − ) state. Spin-parities of 11 + and 12 − are permitted by the experimental data. Our calculations presented below suggest a K π = 11 + assignment for the four-qp state. To further understand the level scheme blocked-BCS calculations [17] were performed. BCS theory treats the nucleus as a superfluid, where the presence of unpaired particles affects the superfluidity through a "blocking effect". In this work the pairing strengths were fixed as G π = 21.00 A·MeV and G ν = 20.00 A·MeV, in accordance with Jain et al. [17] . The Nilsson energies were then calculated for a set of deformation parameters; 2 = 0.267 and 4 = −0.027, taken from Möller et al. [18] . The results can be seen in [6] . However, our blocked-BCS calculations show that a 5 − two-proton configuration is preferred.
The branching ratios in a band can be used to infer the bandhead configuration. The difference between the expected and experimental intrinsic g factor (g K ) can indicate whether a band structure is built on a proton or a neutron bandhead.
The expected intrinsic g factor is calculated from
, where Λ and Σ are the projections of the orbital angular momentum and intrinsic spin on the symmetry axis respectively, and g Λ and g Σ are the corresponding g factors. g Λ is 0 for neutrons and 1 for Table 1 : Initial level energy, E i , spin-parity, J π i , and branching ratio, Btot(corrected for electron conversion) of the levels obtained for 160 Sm in this work. For each γ ray the energy, Eγ , γ-ray intensity, Iγ relative to the 1128 keV γ-ray intensity, and final level spin, J π f , are listed. (4) 12 (3) 16 (5) a The 71 keV γ ray is only observed in coincident spectra. (16) protons, and g Σ is 4.99 for protons and -3.23 for neutrons; attenuated from their free values by a factor of 0.6 [19] . Our BCS calculations have revealed a 6 − two-qp state is lowest in energy for neutrons and a 5 − two-qp state is lowest in energy for protons. The expected g K for these configurations is 0 and 1 respectively. The experimental values for g K are found using the following:
= 0.933
where g R is the rotational g factor, taken as 0.3 [19] , Q 0 is the intrinsic quadrupole moment, taken to be 7.0 e·b from Sm systematics, and E 1 is the energy of the M 1/E2 mixed transition in MeV from an initial state with spin I. The quadrupole/dipole mixing ratio, δ, is calculated using the formula:
where λ b is the γ-ray branching ratio and E 2 is the energy of the E2 transition from the initial state. The results can be seen in table 3 . Two values of g K are given due to the rearrangement of the modulus, |g K − g R | in the above equation. These values show that the bandhead regardless of K π must be comprised of a two-neutron state, as they are consistent with the theoretical value of g K = 0, but not with g K = 1.
The assignment of a (6 − ) neutron bandhead for the main band structure, rather then a (5 − ) neutron bandhead is made on the basis of a lack of observation of a transition from the 7 − state to the 5 − , which would have an energy of 240 keV. The expected γ-ray intensity of this transition was calculated using the g-factor formula, rearranged for I γ and found to be 570(70) counts (assuming E2 multipolarity). This transition, if present, would be easily observable in the γ-ray energy spectrum, with I γ (rel.) = 12(2), comparable to the 286 keV peak. As we do not observe this peak, we assign the bandhead to the (6 − ) state rather then the (5 − ) state. It has been noted in this mass region that β 6 deformation can be significant [18] and can have a measurable effect on the structure of the nucleus [7] . In order to quantify this effect potential energy surface calculations were performed on 160 Sm and its neighbouring nuclei. The total energy of the configurations was minimised in (β 2 , β 4 ) deformation space and (β 2 , β 4 , β 6 ) deformation space. For more details see Refs. [20, 21] . The inclusion of β 6 in the calculations has the greatest effect on the 6 − 2-neutron state in 160 Sm, where the energy is reduced by 100 keV. Conversely, the energy of the 5 − 2-proton state increases by 50 keV with the inclusion of β 6 , enabling the 6 − state to compete. Consequently, β 6 plays a role in moving the calculated 6 − and 5 − bandheads closer together in energy. The energies of the assigned bandheads calculated using (β 2 , β 4 , β 6 ) deformation space are shown in table 2.
The reduced hindrance of a transition removes the dependence of the half-life on energy and the multipole order, λ, of the transition. Therefore we would expect similar reduced hindrance values for isomers around 160 Sm. However, a systematic study of E1 transitions reveals an f ν dependence on E − E R , similar to that known for E2 transitions [29] , where E is the energy of the isomeric state and E R is the rigid rotor energy for the same angular momentum. The rigid rotor energy of 160 Sm was calculated to be 927 keV, using a moment of inertia of 71 [22] [23] [24] 27] , F W has been divided by 10 4 in an attempt to allow for the hindered nature of K-allowed E1 Table 4 : Data summary of four-qp and higher-order-qp isomers with E1 transitions used in Fig. 3 . Those marked with * have 0.9 MeV added to account for pairing energy. A plot of f ν versus E − E R can be seen in Fig. 3 for E1 transitions with ν≥4. Isomers with ν<4 are less forbidden and therefore excluded. The data are summarised in table 4. The solid line in the plot is taken from statistical calculations for E2 transitions [29] . The data from E1 transitions, including the new data point from the four-qp isomer in 160 Sm agree well with this trend. This relationship is evidence that reduced hindrance is sensitive to the excitation energy of the four-qp isomeric state. This could be due to greater K mixing at higher excitation energies: the density of states increases with excitation energy which statistically leads to more states with the same spin and parity to mix with [29] . To further test this relationship, data on lighter deformed isomers with four-qp states are required.
To date, 160 Sm is the lightest four-qp K isomer observed. Blocked-BCS calculations were performed on lighter nuclei in this region to test the limits of existence of four-qp isomers. The next best candidate is predicted to be a four-qp isomer in 158 Sm, with K π = 10 + and E = 2.424 MeV. However, to date only a two-qp isomeric state has been observed in this nucleus [3] . Due to the lower spin, the predicted four-qp isomer in 158 Sm would likely have a shorter half-life than that of 160 Sm. Overall, the calculations show that 160 Sm is the strongest candidate for the lightest four-qp isomer to exist in this region, consistent with our new observations. In summary, a new four-qp isomer has been observed in 160 Sm with a half-life of 1.8(4)µs. The level scheme has been extended using the present spectroscopic data. This is the lightest four-qp K isomer observed to date. The new data from 160 Sm agree well with the inverse correlation between reduced hindrance and excitation energy for E1 and E2 transitions, shown here for the first time for E1 transitions. Blocked-BCS calculations reveal 160 Sm and 158 Sm are the best candidates for deformed four-qp isomers. However, further experiments are needed to ascertain the Z and N limits for their existence.
